With the use of optical traps it is possible to confine assemblies of colloidal particles in two-dimensional and quasione-dimensional arrays. Here we examine how colloidal particles rearrange in a quasi-one-dimensional trap with a time dependent confining potential. The particle motion occurs both through slow elastic uniaxial distortions as well as through abrupt large-scale two-dimensional avalanches associated with plastic rearrangements. During the avalanches the particle velocity distributions extend over a broad range and can be fit to a power law consistent with other studies of plastic events mediated by dislocations.
INTRODUCTION
Charge stabilized colloidal particles in two dimensions form an ordered triangular lattice, 1 and due to their size scale, their microscopic dynamics can be directly imaged with video microscopy. Many of the features of the dynamics of colloids are also relevant to other systems of repulsively interacting particles that form triangular lattices in 2D, including electron crystals, 2 vortices in type-II superconductors, 3 vortices in Bose-Einstein condensates, 4 magnetic colloids, 5 and dusty plasmas. 6 In most of these systems, it is possible to control the type of ordering adopted by the particles by applying an additional confining potential or by having the particles interact with an underlying periodic substrate. In colloidal systems, one of the most common ways to create such potentials and substrates is by optical trapping. 7, 8 A variety of tunable substrate geometries can be generated, including quasi-one-dimensional (quasi-1D) periodic arrays, [9] [10] [11] [12] [13] [14] [15] two-dimensional (2D) substrates, and 2D quasiperiodic substrates. 37, 38 In these systems a rich variety of ordered and disordered colloidal superlattices appear and transitions between these states occur as the filling fraction or the ratio of the number of particles to the number of traps is varied. When an additional external driving force is applied to the system, a wide range of depinning and frictional phenomena can arise, and it has been shown that these dynamical phases have distinct features for commensurate and incommensurate fillings. 19, 22, 26, [29] [30] [31] 36 Another system where very similar types of ordering and dynamics emerge is vortices in type-II superconductors interacting with quasi-1D 39 and 2D periodic nanostructured substrates.
40-48
In most of these systems the substrate is static and does not change as a function of time; however, for optical traps it is possible to introduce time dependence with the strength or the shape of the traps changing. One of the simplest examples of such time-dependent trapping is to confine particles in a trap with a strength that is slowly increasing. This is analogous to applying an increasing pressure to the system. Here we consider the case of repulsively interacting colloids confined in a quasi-1D trough potential with a gradually increasing strength. For a uniform triangular lattice, a uniaxial compression of this type would cause to lattice to be compressed in one direction and not the other, creating an increasingly anisotropic structure that eventually becomes energetically unfavorable, resulting in the occurrence of some type of plastic deformation. Here we find that the system evolves through a combination of slow elastic distortions and intermittent large scale avalanches associated with plastic rearrangement events that shift the system back toward a more isotropic structure. The plastic events coincide with the creation and annihilation of dislocations at the edges of the system and their gliding through the bulk. We compare our results to avalanche dynamics in dislocation assemblies which show power law size distributions with long high velocity tails. [49] [50] [51] [52] [53] Our results show that colloids could be used as a model system for material response in nanoscale systems. The particle configurations for an interval near Fp = 3.6 where the behavior is elastic. (e) The corresponding velocity distributions P (Vx), P (Vy) and P (V ). (f) A log-log plot of P (|Vx|), P (|Vy|), and P (V ) showing the lack of a power law velocity tail.
COMPUTATIONAL MODEL
We consider a system containing N colloidal particles that interact via a long range repulsive Coulomb force V (R) = 1/R. The particles are placed in a confining potential which produces a force with the form
The system is of size L×L and has periodic boundary considerations in the x and y directions. We set the period of the potential to T = L. As a function of time we gradually increase F p in small increments of ∆F p = 0.001 from F p = 0 up to F p = 10.0 for the first part of the work and then later up to a maximum of F p = 100. The dynamics of the particles are obtained by integrating the following overdamped equation of motion:
Here η is the damping constant, the first term on the right hand side is the particle-particle interaction force, and the second term is the force from the confining potential. During each force increment we measure the average particle velocities in both the compression direction x and the transverse y-direction as well as the average distances between the particles. For the results presented here we focus on the case of N = 256 particles.
RESULTS
In Fig. 1 we show the locations of the particles and their trajectories during a fixed interval of time for increasing compression. The color indicates the total displacement of the particle during this interval, with blue denoting little motion and dark red representing the largest motion. Figure 1(a) shows an interval at F p = 2.0 where the behavior is elastic and the colloids form a triangular lattice that is less dense at the edges of the sample where the sinusoidal confining force is reduced. During this interval, the particle motion is predominantly in the x-direction and is homogeneous throughout the system. In Fig. 1(b) we show an avalanche interval at F p = 2.5, where the motion is highly heterogeneous with particle displacements occurring in bands that translate in opposite directions. At F p = 4.8, shown in Fig. 1(c) , the particles are much more compressed. Here there is only a small slip event and the motion is generally homogeneous. Figure 1(d) shows F p = 6.6, an interval in which the motion is elastic and the particles form a dense triangular lattice. For F p = 7.7, illustrated in Fig. 1(e) , there is another large-scale avalanche where the particle motion occurs in a series of bands. A portion of the particles shift toward the positive x-direction and another portion shifts toward the negative x-direction. During these avalanches the triangular ordering of the lattice is partially lost. Figure 1(f) shows an interval at F p = 8.0 where the flow is elastic again and the system is ordered. Another feature that we observe is that the avalanches are often associated with a reduction in the number of columns of particles in the trough. In Fig. 1(d) there are nine columns of particles, while after the avalanche event of Fig. 1(e) there are only 8 columns of particles as shown in Fig. 1(f) .
In order to quantify and compare the dynamics during the elastic and plastic events, we measure the histogram of the velocities of individual particle during fixed intervals of ∆F p . Figure 2(a) highlights the particles that moved the most during an interval near F p = 3.4 in which an avalanche occurs. The upper panel of Fig. 2(b) shows P (V x ), the distribution of the particle velocities in the x or compression direction, while the middle panel shows P (V y ) for particle velocities in the y direction. Here the V x and V y distributions has almost equal weight, indicating that during an avalanche approximately half of the particle motion is in the direction transverse to the compression. The lower panel of Fig. 2(b) shows P (V ), the distribution of the particle speed V = (V which also has a broad tail. In Fig. 2 (c) we plot P (|V x |), P (|V y |), and P (V ) on a log-log scale. The solid line is a power law fit with P (V ) ∝ V τ with τ = −2.2. In Fig. 2(d) we show the particle configurations in an interval near F p = 3.6 where the motion is elastic. The corresponding P (V x ), P (V y ), and P (V ) appear in the three panels of Fig. 2(e) . Here the support of P (V x ) is wider than that of P (V y ), indicating that the motion is mostly concentrated in the direction of compression. Due to the sharpness of the distributions it is not possible to fit them to a power law, as shown in Fig. 2(f) . In general, we observe that during intervals in which avalanches occur, the velocity distributions have a broad or fat tail and can be fit to a power law form, with the amount of motion in the x and y directions almost equal. In the elastic regimes, the motion is confined to the x-direction and the velocity distribution is very sharp. For different avalanches we find a variety of power law velocity distribution exponents ranging from −1.5 < τ < −3.0, and when we combine the avalanches from all the intervals the exponent is close to τ = −2.0. During avalanches the motion is mostly correlated with dislocation glide, where the dislocations are created and annihilated at the edges of the packing and glide through the bulk. Recent theoretical studies show that the high velocity tails of dislocations moving during avalanches exhibit a power law distributed form with varying exponents. 52, 53 Additionally, numerous studies indicate that dislocation motion near the threshold of yielding also exhibits power law distributions of various quantities. 49, 50 In our system we are considering the motion of individual particles; however, when a dislocation moves through the system, the particles partially move with the dislocation as shown in the images of Fig. 1 ; thus, the particle velocity distribution should resemble the dislocation velocity distribution.
In Fig. 3(a) we plot the average distance between particles d m versus F p to illustrate the overall trend that the distance decreases with increasing F p . There are a series of small jumps in d m that are associated with avalanches, and in general avalanches are correlated with an increase in d m , indicating that avalanches permit the particles to reduce their net particle-particle interaction energy. In Fig. 3(b) we plot the average particleparticle spacing in the x direction, d x , and in the y-direction, d y , simultaneously, showing more clearly that the avalanche events appear as sharp jumps. In this case the avalanches are generally correlated with an increase in d x and a decrease in d y . The crossover point at F p = 7.2 is associated with the change in the number of particle columns from nine to eight as shown in Fig. 1(e) .
To better illustrate the intermittent nature of the motion as a function of compression, in Fig. 4 we plot the distribution of the particle velocities V versus F p for F p ranging from 0 to 100. Here the spikes show events in which large velocities are present, and these spikes are associated with the avalanche events that occur as the particles rearrange plastically. For F p > 5.0, the avalanches become more sparse and are associated with partial or complete reductions in the number of columns of particles.
DECOMPRESSION
After the system has been compressed to a specific value of F p , we can perform a decompression, and during decompression we find a similar combination of elastic behavior mixed with intermittent large scale avalanches. In Fig. 5(a) we plot the particle locations during an avalanche event that occurs during decompression in an interval of F p = 5.9. Figure 5 (b) shows P (V x ), P (V y ), and P (V ). Again, the velocity distributions in the x and y directions have almost equal weight and exhibit broad tails. In Fig. 5 (c) we plot P (|V x |), P (|V y |), and P (V ) on a log-log scale with a power law fit with exponent τ = −2.3. Figure 5 (d) illustrates the particle configuration during an interval on the decompression cycle at F p = 5.8 where the motion is elastic. The velocity distribution function P (V ) in the lower panel of Fig. 5(e) is sharp, and in the upper two panels there is more spread in the x-direction velocities than in the y-direction velocities.
There are some differences in the particle dynamics during the compression and decompression portions of the cycle. During compression the motion is associated with dislocations moving in from the edges of the sample, while during decompression the dislocation pairs are nucleated in the bulk. Figure 6 (a) shows the particle trajectories during the initial compression near F p = 1.1, while Fig. 6(d) shows the corresponding trajectories during the same interval during decompression. During decompression there can be a partial swirling or vortex type features in the bulk which are associated with the creation of a pair of dislocations. In Fig. 6 (b) we plot the particle trajectories during compression for F p = 1.6 where the motion occurs due to dislocations entering the sample from the edges, while in Fig. 6 (e) where we plot the trajectories for the decompression at the same value of F p , the dislocations move outward from the bulk. Another feature we find is that after the initial compression, the system is generally more ordered during the decompression portion of the cycle, so there are fewer avalanches during decompression than during compression. the cycle at F p = 1.8 where there is an avalanche, while Fig. 6(f) shows that for the same F p on the decompression cycle, there is no avalanche.
SUMMARY
We have examined the motion of colloidal particles in a quasi-one-dimensional confining trap as the strength of the confining potential is increased. The particle motion occurs in two modes. The first is elastic distortions, where the lattice structure becomes more anisotropic as the particles move along the direction of the compression. The second is large scale plastic events or avalanches, after which the particle lattice becomes more isotropic. During elastic intervals the particle velocities have sharp distributions, while during the plastic events the velocities have a broad tail that can be described with a power law fit. During the avalanches the particle motion is highly heterogeneous and is associated with the gliding of dislocations. Our results for the velocity distributions agree with the power law tail of velocity distributions observed for avalanches in dislocation systems.
